Abstract. This study was inspired to investigate an alternative cooling system using a helium-based pulsating heat pipes (PHP), for low temperature superconducting magnets. In addition, the same approach can be used for exploring other low temperature applications. The advantages of PHP for transferring heat and smoothing temperature profiles in various room temperature applications have been explored for the past 20 years. An experimental apparatus has been designed, fabricated and operated and is primarily composed of an evaporator and a condenser; in which both are thermally connected by a closed loop capillary tubing. The main goal is to measure the heat transfer properties of this device using helium as the working fluid. The evaporator end of the PHP is comprised of a copper winding in which heat loads up to 10 watts are generated, while the condenser is isothermal and can reach 4.2 K via a two stage Sumitomo RDK408A2 GM cryocooler. Various experimental design features are highlighted. Additionally, performance results in the form of heat transfer and temperature characteristics are provided as a function of average condenser temperature, PHP fill ratio, and evaporator heat load. Results are summarized in the form of a dimensionless correlation and compared to room temperature systems. Implications for superconducting magnet stability are highlighted.
INTRODUCTION
A conventional heat pipe is a passive cooling device that transfers heat from one end to another by a two phase flow within a sealed volume. Heat pipes consist of an evaporator section where heat is retrieved, a condenser section where heat is rejected, and wick which is a layer of material, with high surface tension, attached to the inner surface of the pipe in order for the capillary effect to occur. Once the liquid reaches the evaporator through the wick, the liquid evaporates transferring latent heat back to the condenser. The vapor then condensates in the condenser section and the liquid flows to the evaporator once again through the wick. A Pulsating Heat Pipe (PHP) or Oscillating Heat Pipe (OHP), see Fig. 1 [1] , is similar except that they have no wick, and include multiple lengths back and forth between the condenser and evaporator. PHPs rely on the oscillation of vapor plugs and liquid slugs in the pipe [2] in order to transfer heat from the evaporator to the condenser. Vapor plugs form in the evaporator and collapse in the condenser, this volumetric expansion and contraction provides the oscillatory flow of the fluid throughout the tube.
FIGURE 1. Schematic of a PHP/OHP
PHPs using cryogens such as hydrogen, neon and nitrogen for HTS have been measured by Mito and Natsume [3] and have successfully achieved effective thermal conductivities of 500-3,000 W/m/K for H2, 1,000-8,000 W/m/K for Ne and 10,000-18,000 W/m/K for N2. Their experiment consisted of an evaporator length Levp = 30 mm, an adiabatic length Ladb = 100 mm, and a condenser length Levp = 30 mm. The capillary tubing has an OD = 1.59 mm an ID = 0.78 mm and is configured into a total of 10 U-shape turns. For neon, the operating temperature ranged from 26-34 K with liquid filling ratios of 16-95%, for nitrogen the operating temperature ranged from 67-91 K with filling ratios of 17-70%, and for hydrogen the operating temperature ranged from 17-27 K with filling ratios of 31-80%.
Another group, from Institut Nanosciences et Cryogenie INAC [4] , reported on the successful operation of a helium PHP apparatus, where the effects of inclination were measured, using tilt angles from 0 o to 40 o . The PHP was able to transfer a maximum of 145 mW of heat using a cold source at 4.2 K at the 40 o tilt angle. A constant thermal resistance of 2.5 K/W was measured between the evaporator and condenser with a capability of transferring 75 mW at a tilt θ o = 10 o . In recent years, an experiment has been developed at the University of Wisconsin -Madison to characterize the behavior of a helium based PHP. Section 2 describes the experimental setup that has been designed, constructed and tested. Section 3 is devoted to describe important thermal modeling and improvements to be considered when designing a cryogenics PHP in order to achieve an optimum performance.
EXPERIMENTAL SETUP
As shown in Fig. 2 , the helium pulsating heat pipe experiment operates inside a vacuum dewar with an inner diameter and height of 51 cm and 165 cm respectively. The whole experiment is supported on a circular G10 plate which seals against an o-ring located inside a groove on the top face of the Dewar. Table 1 shows the description of the main components. 
Cryocooler Specifications
The supplier indicates that the cryocooler's 1 st stage and the 2 nd stage can achieve temperatures down to 25 K and 3.5 K respectively. Also, the heat loads at 3.5 K and 4.2 K for the 2 nd stage are 0 W and 1 W respectively.
PHP Core
As seen in Fig. 2 , the PHP core is made up of all the components that are thermally attached to the 2 nd stage. These include: the condenser, evaporator and capillary tubing. The condenser is an aluminum 1100 grade rod with an OD and length of 75.54 mm and 188 mm respectively. The 2 nd stage of the cryocooler fits through a 49 mm hole machined through the diameter of the aluminum condenser. A vertical slit on the end of the aluminum rod, and three horizontal screw holes provide a clamping mechanism to firmly fix the condenser to the 2 nd stage of the cryocooler. Indium foil is inserted between the 2 nd stage and the aluminum to increase thermal contact. The evaporator section is a copper tube with an ID = 70mm, a nominal OD = 73.63 mm and a length L = 133.35 mm, with 10 mm wide lips on each end at a diameter of 75.25 mm in order to facilitate the winding of a copper wire heater. This insulated copper wire heater has a resistance of 14 milliohms at cryogenic temperatures. The winding is comprised of 2 layers with 158 turns per layer of a 0.81 mm diameter wire.
The capillary tubing making up the PHP has an ID and OD of 0.5mm and 0.8mm respectively. The PHP includes 32 u-shaped bends at each end with 64 straight sections extending between the evaporator and condenser, see 
Thermal Jacket
A copper rectangular shield is used to thermally protect the 2nd stage and the PHP core from the surrounding ambient temperature Tamb = 300 K. The width, length, height and thickness of this shield are 213 mm, 422 mm, 424.5 mm and 1.6 mm respectively. In addition, this shield is covered by a multilayer insulation blanket, which is composed of 14 layers, with the objective of reflecting most of the thermal radiation hence, less heat load is applied to the first stage. ANSYS was used to model the temperature distribution of the thermal jacket (TJ). It is assumed that the section of the TJ in contact with the first stage is at 25 K, and that the effective emissivity due to the MLI is εeff = 0.03. Using these assumptions, the maximum temperature of the shield is 29K, which is the point farthest away from the 1st stage. The radiation load intercepted from Tamb = 300 K was 9.74 W. Since the temperatures of the shield only vary between 25 K and 29 K during steady state operation, we may neglect any parasitic radiation between the thermal shield and the PHP core at a nominal temperature of 4.5 K. 
Thermometers
As shown in Fig. 4 , cernox thermometer pairs were installed at the condenser, adiabatic and evaporator sections. Each pair were separated 180 degrees around the cylindrical form of the PHP assembly from each other. Copper L-shaped pieces were built to easily insert the cernox thermometers and enable a thermal sink for the sensor leads. In addition, a round groove was machined at the bottom face of these copper pieces in order to clamp them to the capillary tubing. Additional germanium thermometers were installed on the thermal jacket and on the 2 nd stage of the cryocooler.
Gas Lines, Helium Tank and Pressure Transducer
A 3.8 liter helium tank located outside the dewar contains the pressurized high purity helium gas necessary to supply helium to the PHP. An Endevco pressure transducer, model 8510B-500, was installed on the top of the helium tank so that the number of moles in the capillary tubing can be determined from the pressure drop associated with the helium condensation process, and subsequently the percent fill, fliq, can be calculated. The Endevco pressure transducer generates an output voltage signal with a sensitivity of 0.0765 mV per kPa.
As shown in Fig. 2 , there are two valves that can be used to seal-off the capillary loop of the PHP. The condenser valve is connected to the injection line which is attached to the helium tank supply. The evaporator valve is connected to tubing that serves as an evacuation line. Before turning on the cryocooler it is very important to clean the capillary tubing to avoid freezing any impurities; therefore, helium is injected and evacuated through the line that is connected to a vacuum pump. Once the lines are purged, the valve on the evacuation line is closed and the capillary tubing can be filled. Table 2 shows the volumes comprised in the various gas lines. 
THERMAL MODELING AND IMPROVEMENTS
A variety of thermal issues associated with the fabrication of the PHP rig required careful attention in order to demonstrate successful operation.
Thermal Contact at condenser
We observed that even with the intermediate indium layer, the mechanical clamp between the 1100 aluminum piece and the copper cold finger of the cryocooler 2 nd stage does not guarantee full contact on the surface areas. Therefore in addition to the mechanical clamp, we installed a copper thermal bus to connect the bottom face of the cryocooler 2 nd stage to the back face of the aluminum condenser rod.
a) b)
The bottom face of the cryocooler 2 nd stage does not include screws holes to which a thermal bus could be attached. Therefore a copper square piece with a thickness of 12.7 mm and width of 56.5 mm was machined with screw holes, see Fig. 5 -a. This copper square was then soldered to the 2nd stage cold end using Field's Metal. The advantage of using Field's Metal is that it melts at 62 o C; therefore, the possibility of damaging the cryocooler is minimal. Apeizon N was used to improve the contact conductance between the condenser and L shaped copper bus as shown in the Fig. 5 below. The thermal conductance of the Apiezon N grease joint at 4 K is 75 mW/K.
It is crucial to minimize the thermal resistance between the cryocooler 2 nd stage and the condenser end of the PHP because of the cryocooler's temperature dependent cooling capacity. The heat flow to the condenser (from all sources) must be taken away by the cryocooler. However, any thermal resistance between the cryocooler and the condenser will elevate the condenser temperature above the cryocooler's heat-load dependent temperature. Thus the thermal resistance between the condenser and the cryocooler should be sufficiently small so that the resulting condenser temperature is still low enough to enable helium to condense. We adopted a thickness of 12.7 mm for the copper connection between the condenser and the cryocooler, in part due to geometry constraints, but also so that with a heat load of 620 mW the resulting cryocooler and condenser temperatures are Tcond = 3.9 K and Tcryo = 4.6 K. The associated thermal resistance between the condenser and cryocooler is R = 1.1 K/W. 
Decreasing heat leaks through gas lines
All of the gas lines connecting the room temperature environment to the PHP are made of stainless steel 304 and most have a solid cross sectional area of 6.4 mm 2 . Because the gas lines are not entirely inside the thermal jacket but face an ambient temperature Tamb = 300 K over part of their length, radiant heat transfer to those sections is conducted to the condenser and evaporator sections. Heat transferred to the condenser adds a load directly to the 2 nd stage of the cryocooler. However, due to the very high thermal resistance between the evaporator and the condenser when the PHP is not in an operating mode, any heat leak to the evaporator can elevate its temperature too far above the liquid helium region to allow condensation in the PHP. Three design features have been included to reduce these unwanted heat loads:
I. Multilayer Insulation (MLI)
MLI blankets, comprised of 14 layers, were used to cover all the gas line sections that were outside of the thermal jacket, thereby eliminating the radiative heat load on the gas lines.
II. Geometry of gas lines
In order to minimize heat transfer by conduction through the gas lines, two geometry properties, cross sectional area and length, can be adjusted. We chose an outside diameter for the gas lines located inside the thermal jacket of 1.59 mm OD and a wall thickness of 0.39 mm. The length for same section of tubing was set to L = 38 cm.
III. Anchoring specific sections to the first stage and second stage
The gas lines are thermally anchored at two different locations. In the first, a 5 cm length of the stainless tube is replaced with a copper tube of similar dimensions (see Fig. 6-a) 
Heat Leak Through the Evaporator's Support Wire
As seen in Fig. 1 , a 304 stainless steel wire with a diameter of 0.77 mm and length of 65 mm was used to support the evaporator section. Using the integrated thermal conductivity for 304 stainless steel of 624 W/m between the warm end temperature of 111.1 K, and the cold end temperature of 6.5 K resulted in a heat leak of 4.47 mW.
Decreasing Heat Leaks Through the Valve Rods
The PHP isolation valves located at the condenser and evaporator are rotated using a combination of G10 sections and 304 SSL sections, see Fig. 7 . The G10 rod sections have an OD = 9.52 mm and ID = 6.22 mm. The SSL sections have an OD = 6.10 mm, ID = 5 mm, and L = 12 mm. All sections are connected together with SSL pins of OD = 1 mm. The OD of the SSL section is smaller than the ID of the G10 sections; hence, thermal contact is poor and most of the heat transfer is limited to flow through the pins. An additional copper section with an OD = 6 mm and L = 21 mm is thermally anchored using copper wire to the thermal jacket. The heat leak through the valve stem assembly is calculated using an equivalent thermal resistance network and including temperature dependent thermal conductivity values. The result for the total heat leak through the two valve stems is Qleak = 1.98 mW.
MEASUREMENTS AND DISCUSSION
The PHP core takes 24 hrs to cool down to a steady state (oscillating) temperature in the evaporator section, Fig. 8-a . At steady state, the evaporator temperature oscillates between 23 K and 13 K, as shown in Fig. 8-b . For this set of measurements, the condenser valve remained open during the entire experiment in order to monitor the pressure in the helium tank, while the evaporator valve remained closed. As shown in Fig. 8 -a, the initial tank pressure was Po = 150 kPa. It can be observed that the pressure and temperature sensors both begin oscillating at 16 hrs, but the system does not reach a steady state condition until approximately 24 hrs. Note that the pressure in the tank was increased to 190kPa using an external supply of high purity helium at 28hrs, to increase the helium charge to the PHP. Cryocooler calibrated: temp 8,  Thermal Jacket: temp 9, ☆Tank Pressure (1847.5 minutes), the amplitude and frequency of the PHP changed dramatically, the temperatures in the evaporator dropped precipitously and subsequently oscillated between 6.4 K and 7.2 K. These features indicate the oscillatory behavior characteristic of a PHP, as confirmed by the thermal performance described in the next section. Note that the period of the oscillations changes from 5-6 minutes just prior to the precipitous temperature drop in the evaporator, to 21 seconds after the temperature drop, see Fig. 8 -c. During these last oscillations, the average tank pressure was found to be 157 Kpa which corresponds to a Tsat = 4.72 K, the temperature at the condenser oscillated between 4.54 and 5.01 K; hence, Tsat was found to be inside the correct temperature range.
Effective Thermal Conductivity and Percent fill
The effective thermal conductivity keff of the PHP is defined according to Eq (1). Here, the heat flow Qcryo is obtained from the temperature measurement at the cryocooler 2 nd stage cold head and its cooling capacity map. Ac is the cross-sectional area through which the helium flows in a single capillary tube, multiplied by the number (64) of tubes. ̅ and ̅ are the average evaporator and condenser temperatures, and Leff is the adiabatic length.
Based on Eq (1) and the measurements shown in Fig. 9 , the effective conductivity of the system when the PHP is active ranges between 2200 and 2500 W/m-K. Compared to the net conduction of the adiabatic section when the same capillaries are filled with static liquid helium (7x10 -5 W/K), the conduction when the PHP is active is 5020 times larger. The fill percentage of the PHP is calculated based on the known volumes of the supply tank, the PHP, and all the connecting tubing. Before supplying helium to the PHP, all the gas lines and the PHP capillary are evacuated using a turbo-molecular vacuum pump. The known volume of the helium tank, its charge pressure, and the (ambient) temperature, combined with the ideal gas law are used to calculate the total number of moles, Ntot used to fill the system. The final pressure in the tank, along with an estimate of the average temperature in the connecting tubing, and the saturation temperature in the PHP are used to determine the volume occupied by the liquid in the PHP:
Here ̅ . and ̅ . are the molar densities of the saturated liquid and saturated vapor respectively, and Vl is the volume occupied by the liquid in the PHP. Finally, the fill percentage is calculated from the liquid and total volumes in the PHP: Fig. 9 shows the keff and fliq as a function of final pressure Pfinal, it can be observed that at 175 kPa, the thermal conductivity keff = 2457 W/m/K is optimum at a fliq = 25.35%.
FIGURE 9. Effective Thermal conductivity vs liquid fill

